INTRODUCTION
Received for publication 19 May 1971. the proximal convoluted tubule of the dog (1), rat (2) (3) (4) , and rhesus monkey (5) . Despite definite evidence of an influence of carbonic anhydrase on proximal tubular bicarbonate reabsorption, there is less agreement as to what role carbonic anhydrase subserves in influencing proximal tubular sodium and chloride reabsorption. The results of the mnicropuncture studies which have examined the influence of acetazolamide, a potent carbonic anhvdrase inhibitor, on proximal sodium reabsorption in the dog are equivocal (6) . Studies in the rat have shown acetazolanide administration both to increase (7) and decrease (8) fractional sodium reabsorption in the proximal tubule. Similarly, the fractional reabsorption of chloride within the proximal tubule of the rat has been observed to be reduced (8) and, conversely, enhanced (7) after acetazolamide administration.
The present study wvas therefore designed to characterize the influence of the administration of a carbonic anhydrase inhibitor, benzolamide (CL-11,366) on the reabsorption of chloride, sodium, and bicarbonate in the proximal tubule of the rat. The results of these studies would indicate that renal carbonic anhvdrase inhibition reduces the proximal tubular reabsorption of chloride and sodium, as well as that of bicarbonate. METHODS Female Simonsen rats weighing 155-264 g were used in all studies. Before the micropuncture study the animals were allowed free access to water and normal rat pellet diet. The rats were anesthetized with intraperitoneal pentobarbital (50 mg/kg) and placed on a heated pad where a tracheostomy was performed and polyethylene catheters were placed into the left femoral artery, left femoral and external jugular veins, and bladder. After transfer to a thermostatically heated micropuncture platform which maintained body temperature at 370C, the left kidney was exposed through a lateral abdominal incision, placed in a lucite cup where it was bathed with mineral oil at 370C, and illuminated
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The Journal of Clinical Investigation Volume 51 1972 with a fiber-optic light source. During the surgical prepa ration of the animal, 0.5 ml of isotonic saline was infuse( to replace extracellular fluid (ECF 1) lost or sequestere4 during surgery.
All proximal tubular punctures were made at the end or the accessible portion of the proximal tubule (50-65% o proximal tubular length) after localization by the adminis tration of 40-50 jul of 5% lissamine green through the external jugular catheter (9) . That this was the last proximal convolution on the surface available for puncture was verified by the injection of a small droplet of mineral oil. If this droplet disappeared from the surface and shortly thereafter returned to the surface in another convolution another proximal tubule was located. After the puncture site was located, 6-8 tubular diameters of mineral oil were placed in the tubule to block tubular flow. Collection of tubular fluid was then initiated by gentle aspiration with care taken to permit spontaneous flow into the pipette and maintain the oil column in a constant position. Separate tubules were selected for each tubular fluid sample and each sample was used for a single analysis. (GFR/nephron) were determined, the tubular fluid samples for inulin determination were collected during accurately timed intervals. Three groups of rats were studied. Control group (group A). For 1 hr before the collection of tubular fluid samples the rats were infused with a solution comprised of 125 mm NaCl and 25 mm NaHCOs/liter, containing inulin methoxy-AH (200 /ACi/ml) at 20 /Al/min with a calibrated infusion pump. After this interval, four to six tubular fluid samples were obtained together with two blood samples (250 aI) (period I). Frequently bladder urine was collected under water-equilibrated mineral oil in a preweighed vial for subsequent determination of total kidney glomerular filtration rate (GFR). After period I, which usually lasted 45 min, an interval of 30-45 min was allowed to pass, after which another series of proximal tubular, blood, and urine samples were obtained (period II). The same infusion solution and infusion rate were contained throughout the interval between periods and during period II.
Benzolamide (2 mg/kg) group (group B). These rats were infused with a solution containing 125 mm NaCl and 25 mm NaHCO./liter and inulin methoxy-3H at 20 IAI/min for 1 hr before period I which was performed as in group 'Abbreviations used in this paper: "c," absolute reabsorption of filtrate in nl/min; ECF, extracellular fluid; FR, fractional reabsorption; GFR, glomerular filtration rate; TF/P, tubular fluid/plasma; TFR, tubular flow rate. The quantity of tubular fluid collected for inulin determination was measured in a calibrated quartz capillary of constant internal diameter. After this measurement, the entire contents of the quartz capillary was transferred to a scintillation vial containing 1 ml of distilled water to which was added 10 ml of scintillator. Each liter of the latter contained: Spectrafluor PPO (2,5-diphenyloxazole) (Amersham/Searle, Des Plaines, Ill.) 22 ml, Dimethyl POPOP (1,4-bis[2-(4-methyl-5-phenyloxazolyl)] 150 mg, and toluene and Triton X-100 (Packard Instrument Co., Inc., Downers Grove, Ill.) in a ratio of 3.5:1. 5 pu1 of plasma were pipetted into a similar vial containing 1 ml distilled water to which the scintillator was added. The urine samples collected in preweighed vials were weighed after which a microsample was handled using the above procedure for tubular fluid samples. All vials containing inulin methoxy-'H were counted in a Beckman Liquid Scintillator (Beckman Instruments, Inc., Schiller Park, Ill.). Quenching was monitored by external standardization. All samples were counted to at least 5000 counts; the tubular fluid samples contained at least twice the background count.
Tubular fluid chloride concentrations were determined using a modification of the method described by Ramsay, Brown, and Croghan (12) . The tubular fluid samples collected for pH determination and subsequent bicarbonate calculation were analyzed at 37-380C in an in vitro system. The system was contained on a small glass chamber heated by a remote circulating water pump and, with the external circuitry used, is illustrated schematically in Fig. 1 . The mineral oil used in this system was mixed with distilled deionized water and then filtered through Whatman (No. 4) filter paper. The oil was maintained in equilibration with water before use. Under mineral oil in one separate compartment (A) were placed standard phosphate buffers (pH 7.384, 6 .98, 6.84, 6.663-6.667) or, in a few studies, only buffers of pH 7.384 and 6.84. The second compartment (B) was perfused constantly with mineral oil warmed and equilibrated at 37-380C with the previously described gas mixture. In compartment B, under mineral oil, were placed the tubular fluid samples together with isotonic solutions con- If the -electrode system proved to be stable and linear, the antimony and reference electrodes were moved to compartment B of the chamber and the pH of the standard bicarbonate solutions and tubular fluid samples was determined. After these measurements the phosphate standards were again studied. It was always possible to repeat the individual measurements in duplicate and usually all standards and tubular fluid samples were studied three or more times.
The antimony micro pH electrode was constructed similar to the one described by Lacaz Vieira and measured when the reference and antimony electrode were inserted into the microsamples on the glass chamber was nulled by a bucking potentiometer and therefore could be measured and recorded with greater precision than by direct reading of the electrometer. The bucking potentiometer could be read to 0.5 mv, and the electrometer could be nulled to this degree of accuracy. The stability of the antimony electrodes varied; some were used for only one experiment, others were stable for as long as 1 wk. Only those analytical results were accepted which were obtained by electrodes which proved to be stable during at least duplicate determinations of the pH of the standard buffers and of the tubular fluid samples.
The reference electrode in some studies was of the Ling- M KCI and 0.5 M KNO2 in 2% agar. These latter electrodes had resistances of approximately 5 X 10' ohms. The tip potentials of representative samples of these latter reference electrodes were measured by determining the difference in potential observed in a solution of saturated KC1 from that observed in the phosphate and bicarbonate standard solutions, 0.3 M NaCl, and 0.3 M NaHCOs. The largest tip potential present was 2.1 mv, and in most cases was negligible. The tip potentials were similar in the phosphate and -bicarbonate standard solutions. The external circuitry of this system ( Fig. 1 ) had an average impedance of 30-80 megohms. Table I illustrates the results of a typical experiment. The slope of this antimony electrode of approximately 48 mv/pH U is typical. Listed are the actual measurements of the standard phosphate buffers, bicarbonate standards, and of several tubular fluid samples determined in this experiment. The determinations in each column were done in sequence. Included in this table are the measured and calculated pH of the bicarbonate standard solutions used in this experiment.
The quinhydrone micro pH electrode has been a standard method by which the in vitro pH of bicarbonate containing micro samples has been measured and from which the bicarbonate concentration could subsequently be calculated. As this electrode is commonly constructed, the wire containing the quinhydrone is inserted near the tip of a standard micropuncture micropipette. The micropipette is filled with mineral oil previously equilibrated with C02 of known tension. A bicarbonate-containing fluid is then aspirated into the pipette and is assumed to come into equilibration with the CO2 in the mineral oil. Rector, Carter, and Seldin have demonstrated that the size of the bicarbonate sample is critical (preferably less than 0.01 pil) if complete equilibration of the sample and the C02 in the oil is to occur (2) . Furthermore, as pointed out previously, a loss of CO0 from the mineral oil in the micropipette would greatly influence the measurement of high tubular fluid bicarbonate concentrations, but have less influence when the tubular fluid bicarbonate concentration is low (9) . For example, if the true bicarbonate concentration were 3 mEq/liter, and if the C02 tension were reduced to one-half its expected value, the calculated bicarbonate concentration would only rise to 6 mEq/liter. In contrast, if the true bicarbonate concentration were 20 mEq/liter, a comparable loss of CO0 from the micropipette would result in a rise in the calculated bicarbonate concentration from 20 to 40 mEq/liter.
As separate quinhydrone electrodes are used for individual samples, it is difficult to monitor the C02 tension of the mineral oil in the individual samples. In the present study, the pH of known bicarbonate concentrations was measured together (in compartment B) with the tubular fluid samples. This provides a check both on the adequacy of equilibration of the micro samples with CO2, and of the C02 tension of the mineral oil. If the measured pH of the bicarbonate standard is in agreement with the pH calculated from the CO2 tension of the mineral oil and the known bicarbonate concentration of the standard, it can be reasonably assumed that equilibration of the sample has occurred and that the CO2 tension of the mineral oil is appropriate.
The Henderson-Hasselbalch equation was used to calculate the expected pH of the bicarbonate standards as well as the bicarbonate concentrations of the tubular fluid samples (pK = 6.1, solubility coefficient [aqueous solution] = 0.0322) (11) .
Plasma chloride and bicarbonate concentrations were corrected for Donnan factor, 1.02-Cl-, 1.01-HCOs- (12) , and plasma water. 
RESULTS
The results of these studies are summarized in tabular form in Table II . For statistical purposes in calculating Values are expressed as the mean 1 SEM. * Abbreviations used: "c," absolute reabsorption of filtrate in nl/min. %A, per cent change in reabsorption from period I to period II. V, urine flow in ml/min. n, number of rats in which these observations were made. F. R., fractional reabsorption.
the fractional reabsorptions of sodium, bicarbonate, and chloride, the TF/P inulin, TF/P Cl-, and TF/P HCO3-ratios of the individual periods of each experiment were averaged and treated as one value. The statistical significance of intragroup comparisons is included in the table. Group A. The changes in the superficial GFR/ nephron and proximal TF/P inulin ratio from period I to period II during continued hydropenia (group A) are graphically illustrated in Fig. 2, A This slight fall in the TF/P inulin ratio was the consequence of both the rise in GFR/nephron and a small fall in the absolute reabsorption of filtrate ("c") (Table  II) , although neither change was of itself significant. Correspondingly, fractional sodium reabsorption fell from 57.6% in period I to 51.0% in period II, (P <0.05). Fig. 3, A superficial GFR/nephron and TF/P inulin ratio is illustrated in Fig. 4, A (Table II) fell from 58.6% in period I to 38.5% in period II. P < 0.001. The 34.3% (% A) fall in the fractional reabsorption of sodium in group B was significantly greater (P < 0.001) than the fall of 11.46% noted in group A.
The influence of 2 mg/kg benzolamide on the TF/P bicarbonate and TF/P chloride ratios is demonstrated in Fig. 5, A There was no significant change in the GFR/ nephron, P > 0.2, whereas the fall in the TF/P inulin ratio reflects a significant reduction in fractional sodium reabsorption, P < 0.05 (see text).
reabsorption of filtrate than in the TF/P chloride ratio. The fractional reabsorption of bicarbonate was reduced from 90.9 to 58.6% by 2 mg/kg benzolamide, P <0.001. The per cent fall (% A) in the fractional reabsorption of chloride, 29.14%, and of bicarbonate, 35.64%, in group B was significantly greater, P < 0.05 and P <0.001, respectively, than that observed in group A.
Group C. The dosage of benzolamide (2 mg/kg) used in group B has been reported to maximally inhibit 
PeriodiT GFR /nephron (3) (2) *-*~-(3)-
3 (2) (2) The changes in the TF/P bicarbonate and chloride ratios resulting from 20 mg/kg benzolamide are illustrated in Fig. 7, A and B. The TF/P bicarbonate ratio rose from 0.202 ±0.02 in period I to 0.789 ±0.05 in period II. This increase in the bicarbonate TF/P ratio was associated with both a small fall in the plasma bicarbonate concentration and a marked rise in the 30. 15 tubular fluid bicarbonate concentration (Table II) . The 1.33 TF/P chloride ratio, illustrated in Fig. 7B fell from 1.18 ±0.01 in period II to 1.01 ±0.01 in period II. This change in chloride ratio was also the consequence of a small increase in the plasma chloride concentration and a large fall in the tubular fluid chloride concentration.
Compared to groups A and B, 20 mg/kg benzolamide (group C) accentuated the reciprocal changes in the TF/P bicarbonate and chloride ratios. However, only the change from period I to period II, in the TF/P 
FIGURE 4
Comparison -of period I and period II GFR/ nephron (A) and TF/P inulin ratio (B) measurements in group B (2 mg/kg benzolamide) studies. The GFR/nephron in period II was not significantly different from the value in period I (P > 0.2). The change in the TF/P inulin ratio indicates a significant fall in fractional sodium reabsorption from period I to period II, P < 0.001. The fall in fractional reabsorption in group B was significantly greater than that observed in group A, P < 0.001.
33.13 ±1.22 nl/min to 26.35 ±0.69 nl/min, P < 0.001. Associated with the fall in GFR/nephron, the TF/P inulin ratio also fell (Fig. 6B) Comparison of period I and II GFR/nephron (A) and TF/P inulin ratio (B) measurements in group C (20 mg/kg benzolamide) studies. The GFR/nephron fell significantly from period I to period II, P < 0.001. The change in TF/P inulin ratio indicates a significant fall in fractional sodium reabsorption, P < 0.001, which was significantly greater than that observed in group A, P < 0.001, but not greater than that observed in group B, P > 0. 2. bicarbonate ratio noted in group C was statistically different from the change observed in group B, P < 0.05. As illustrated in Figs. 8C and 9C the fractional reabsorption of both chloride and bicarbonate fell significantly after 20 mg/kg benzolamide. The decrease (% /) in proximal tubular fractional chloride reabsorption of 35.8% within group C was greater than the 29.14% observed in group B, although the difference was not statistically significant, P > 0.4. This does indicate, however, that the fall in TF/P chloride ratio in group C was associated with a greater fractional fall in filtrate reabsorption. Therefore, while the rate of chloride reabsorption relative to that of bicarbonate increased (TF/P bicarbonate increased, TF/P chloride decreased), overall chloride reabsorption fell even further. The per cent decrease (% A) in the fractional reabsorption of bicarbonate in group C of 47.29% was greater than the 35.64% observed in group B although again the difference was not statistically significant, 
' (5) - (3) ( (3) (6) . However, the observed ±2.8% fall was not greater than that observed in control recol-40 lection studies in hydropenic dogs. Weinstein has reported the proximal TF/P inulin ratio to be higher in acetazolamide-treated rats than in the control group 30 (7) . These latter studies are in marked contrast to those of Malnic, Mello Aires, and Lacaz Vieira who noted the proximal TF/P inulin ratio to be significantly 20 lower in acetazolamide-treated than in control rats (8) .
If the increase in proximal tubular (sodium) bicarbonate concentration noted after carbonic anhydrase in-70 hibition is not associated with a net change in overall proximal tubular sodium reabsorption, sodium chloride 60 reabsorption must be enhanced. The (8) .
As indicated in period I by all groups, in the antidiuretic rat, approximately 50% of the filtered chloride, 90% of the filtered bicarbonate, and 60% of the filtered sodium is reabsorbed by the end of the accessible portion of the proximal convoluted tubule. After 2 mg/kg benzolamide, chloride reabsorption is reduced to 37.2% of the filtered load, sodium to 38.5%, and bicarbonate to 58.5%. 2 mg/kg benzolamide appears to completely inhibit proximal carbonic anhydrase as 20 mg/kg did not result in significantly greater reductions in fractional reabsorption than 2 mg/kg.
A portion of the fall in proximal sodium reabsorption and the fall in bicarbonate reabsorption observed in the present studies likely can be explained within the context of the hypothesis of proximal carbonic anhydrase function as described above. This hypothesis, however, would not appear to readily explain the fall in proximal chloride reabsorption after benzolamide. The administration of carbonic anhydrase inhibitors has been shown to inhibit chloride transport in a number of different tissues. For example, chloride transport has been inhibited in the frog gastric mucosa (14) and turtle bladder (15) , tissues which contain carbonic anhydrase (14, 16) and the bullfrog cornea which is thought to be devoid of carbonic anhydrase (17) . In addition, Turnberg, Bieberdorf, Morawski, and Fordtran recently have observed acetazolamide administration to inhibit sodium and chloride reabsorption in the human ileum (18), a tissue which possibly contains carbonic anhydrase (19, 20) .
Presently there is insufficient information available from the present or previous studies to indicate the mechanism responsible for the decreased proximal tubular sodium chloride reabsorption noted after benzolamide. Although it is attractive to relate the fall in proximal sodium chloride reabsorption to inhibition of carbonic anhydrase, it is possible that benzolamide diminished proximal sodium chloride reabsorption because of an effect not dependent upon carbonic anhydrase inhibition or because of an indirect effect of such inhibition. For example, the elevated tubular fluid bicarbonate concentrations observed after benzolamide FIGURE 9 The changes which occurred in fractional bicarbonate reabsorption in all three groups. In groups B and C significant reductions in proximal fractional bicarbonate reabsorption occurred. The per cent fall in reabsorption (% A) from period I to period II The maximum increase in the TF/P bicarbonate ratio observed after carbonic anhydrase inhibition in these studies is considerably less than the ratios previously observed in the rat when proximal intraluminal bicarbonate concentrations were measured with the quinhydrone micro pH-electrode (2, 4). The mean TF/P bicarbonate ratio of 0.789 ±0.05 noted in group C, 20 mg/kg benzolamide (Fig. 7A) , is comparable to the ratio of 0.92 calculated from the studies of Lacaz Vieira and Malnic (3) . In this latter study the tubular fluid bicarbonate concentrations were determined in a manner comparable to the one used in the present study. The difference between these and earlier studies in which higher TF/P bicarbonate ratios were observed is likely the consequence of the more rigorous control of the CO tension of the mineral oil used to perfuse these samples and of the equilibrium of these tubular fluid samples with the C02. In the present study, the use of bicarbonate standards, the pH of which were determined in vitro together with the tubular fluid samples, would seem to provide a better index of these parameters than was previously used.
The proximal TF/P chloride ratio in the present study rarely fell below one despite high doses of benzolamide (group C, Fig. 7B ). These results are in contrast to the observations of Weinstein who observed a mean TF/P chloride ratio of 0.92 at the end of the proximal convolution after acetazolamide administration in the rat (7) . Part of the difference in these results can be attributed to different factors used to correct the plasma chloride concentrations for the GibbsDonnan effect. In the present study, a factor of 1.02 was used whereas Weinstein used 1.05.' Plasma water corrections were essentially the same in both studies. Had we used a Gibbs-Donnan factor of 1.05 to correct the mean TF/P chloride ratio in group C, it would have fallen from 1.01 to 0.98. However, our results are in close agreement to the TF/P chloride ratio of 1.09, plasma values not corrected, observed by Malnic et al. in acetazolamide-treated rats (8) . The mean TF/P chloride ratio, plasma chloride uncorrected, in group C of the present study would be 1.096. Furthermore, the reciprocal changes in the tubular fluid concentrations of bicarbonate and chloride are close to that expected from indirect calculation, assuming the plasma concentrations of chloride and bicarbonate are equal to their tubular fluid concentrations (Table II) (9) . Finally, we feel it is unlikely that these differences in the maximal TF/P bicarbonate and chloride ratios noted after MIn this regard, 1.02 would appear to be a more appropriate correction factor than 1.05 (13, 21) . carbonic anhydrase inhibition are the result of submaximal doses of benzolamide. According to the studies of Travis, Wiley, Nechay, and Maren, 2 mg/kg benzolamide should result in a maximal inhibitory effect on renal carbonic anhydrase without influencing red cell carbonic anhydrase (10) . In the present studies (group C), a dosage 10 times that presumed to be maximally inhibitory to renal carbonic anhydrase was used.
The marked fall in proximal chloride reabsorption after benzolamide administration was associated with a minimal increase in fractional chloride excretion in the four studies in which it was measured. Clearly, the difference reflects reabsorption of chloride in distal parts of the nephron. The micropuncture study of Malnic et al. would indicate that the loop of Henle is the site where the major portion of chloride delivered from the proximal tubule is reabsorbed (8) . A similar conclusion is suggested by the recent clearance studies of Rosin, Katz, Rector, and Seldin in the dog (22) .
In summary, the results of the present study indicate that benzolamide administration clearly inhibits proximal chloride, sodium, and bicarbonate reabsorption, possibly all through carbonic anhydrase inhibition. Proxi 
